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Abstract--The uniqueness of C--C bonds, which allows life to exist and gives birth to the infinite number 
of organic ompounds, isanalysed. A brief survey of the two known C allotropes, graphite and diamond, 
stresses how the different structure of the nets leads to such enormous differences in properties. The 
synthesis of diamond is surveyed. Other possible, hypothetical forms of elemental carbon are math- 
ematically surveyed epending on the hybridization state of the C atoms, i.e. on the vertex degrees in the 
infinite lattice. Related nets with other atoms instead of carbon are mentioned. Then the symmetry of 
hydrocarbons having C skeletons that are fragments from the graphite net (benzenoid hydrocarbons) or
from the diamond lattice (diamond hydrocarbons) i  discussed, and the connection between symmetry and 
molecular stability is noted. 
1. INTRODUCTION 
For mankind, C should be the most precious element because all life is based upon it, and because 
coal and petroleum ensure most of the energy sources. 
In the preceding volume, Symmetry: Unifying Human Understanding I mentioned the fascinating 
symmetries of the graphite and diamond lattices [I]. The present paper will review only aspects 
connected with this topic, and will attempt o survey other possible two- or three-dimensional 
carbon nets (lattices). Although none of these other nets has yet been prepared, it is of interest o 
discuss symmetries and relative energies or stabilities of such systems. 
2. THE MOST PRECIOUS ATOMS IN  THE UNIVERSE,  OR WHY C? 
We start from the well-known fact that all nuclides (isotopes) of the same element share the same 
electronic onfiguration. To simplify the discussion, therefore, we shall ignore the composition of 
the atomic nuclei for the time being, and shall treat he nucleus as a black box containing Z positive 
charges, around which the Z negatively-charged lectrons occupy orbitals of various energies, 
according to the principles of quantum chemistry. 
It took chemists more than 20 years to accept Staudinger's idea [2] that vinylic polymers are 
extremely ong chains containing C--C covalent bonds. Likewise, cellulose and starch contain large 
numbers of six-membered pyranosic rings linked by covalent ethereal (C---O---C) bonds. Familiar- 
ity with association colloids such as soap micelles (loosely held bundles of smaller molecules or 
ions) had suggested that polymers possessed some kind of weaker intermolecular forces, but 
experiments by Staudinger, Mark, Meyer and Kuhn [3] provided evidence for the contrary, and 
confirmed that polymers had normal covalent bonds. 
Why is there just one element, then, which forms the basis of life, and which is so ubiquitous 
in chemistry that more than nine-tenths of all known chemical compounds contain it? What is so 
unique about C- -C bonds that a whole branch of chemistry (organic chemistry, the largest and 
most important one) is devoted to it, whereas all the remaining elements tudied by inorganic 
chemists give rise to much less numerous and less important compounds? How will the 
disproportion between organic, inorganic and organo-elemental compounds evolve in the future7 
These are important questions for chemists and philosophers of science alike. 
Let us analyse first what is so unique about the element carbon. 
Among the 100 + elements (i.e. types of electronic onfigurations around the nuclei) forming the 
building blocks of the whole universe, only two may form homoatomic chains whose stability is 
independent of the chain length. Therefore only these two elements, namely tetravalent carbon and 
divalent S, may give rise to "infinitely long" homoatomic chains. Though S also forms stable chains 
or rings of various lengths and shapes, all these substances are just allotropes of the element S; 
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they cannot give rise to a rich chemistry. When S has higher valency than two, the homoatomic 
S chains are no longer stable irrespective of the chain length. Chains of O, N, B, P, Si atoms are 
known but no stable homoatomic chains with more than 20 such atoms could be obtained; the 
longer the chain, the less stable the compounds. 
Recently, it was discovered, however, that chains ---(SiMe2--SiMePh)n-- may also have 
kinetic stability; their extreme photolability in the near ultraviolet leads to applications for 
photoresists [4]. 
The reasons for the stability of homoatomic C chains are varied, and the most important factors 
are: small covalent radius, intermediate electronegativity, large bond energy due to strong overlap 
between bonding orbitals, lack of alternative bonding possibilities ( uch as ionic or covalent bonds). 
In most organic compounds, C is bonded mainly to H atoms (with matching intermediate 
electronegativity and high bond energy due to small covalent radius, hence to good orbital overlap); 
however, despite its high electronegativity, F also forms (with C chains) stable fluorocarbons and 
derivatives owing to its small covalent radius and strong bonds. 
One should include a few words about silicates and about metallic lusters. Almost as stable as 
the long homoatomic C chains in organic polymers are the heteroatomic chains of silicates 
containing alternating Si and O atoms. Indeed, most of the earth's crust contains uch chains; the 
abundance of elements on the earth's urface places O (49%) and Si (26%) on the first two places, 
with C occupying the 14th place (0.1%). The two elements, O and Si, which account for three 
quarters of the earth's crust (including the atmosphere and the hydrosphere) form with one another 
a much stronger bond than the O---O and Si--Si bonds. The tetravalency of Si can and, indeed, 
does give rise to a rich chemistry which will continue to develop. When, in addition to O and Si, 
other atoms such as C and H are present, a mixed or hybrid kingdom results (in addition to the 
mineral, vegetable and animal kingdoms): polysiloxanes (the so-called silicones), carbosilanes, 
etc., with numerous theoretically and practically significant applications. 
During the last decades, metallic clusters have been amenable to detailed studies, mostly in 
organometallic systems. This area is also rapidly expanding and will undoubtedly cast light on 
many phenomena related to heterogeneous catalysis. 
Neither of these two areas has, however, the potential of organic chemistry and neither is 
used in life phenomena, s we know them on earth. Nor has it been possible, so far, to discover 
such bonding in interstellar molecules. Cosmic abundances are largest for the lightest elements, 
H and He; O is third, while C and Si occupy the sixth and seventh places, respectively. Many 
"organic" molecules are known in interstellar clouds but they are quite different from the 
molecules of life; most of the cosmic molecules have triple bonds; on earth, a characteristic of 
molecules which are stable at high-temperatures (> 2000°C) is that they also contain triple bonds 
(CO, N2, HCN, NO, C2H2). 
3. THE TWO KNOWN ALLOTROPIC  FORMS OF C: GRAPHITE  AND 
DIAMOND,  OR THE SOFTEST AND HARDEST CRYSTALS 
(a) Graphite 
There exist two types of graphite: hexagonal and rhombohedral graphite [5-7]; they differ by 
the "vertical" correspondence b tween C atoms in the parallel planes: in the former this leads to 
ABAB...-type, in the latter to ABCABC...-type planes (Fig. 1). 
The facile displacements of "molecular planes" relative to one another explain why graphite is 
as soft as talcum, the softest mineral, and why it writes in pencils. The Greeks must have used it 
for writing, hence its name [~p~tq~E~v (to write)], whereas in German pencil is called Bleistift, proving 
that lead, which is one of the softest metals, was used for writing, too. 
Although diamond and graphite are elemental C, in real crystals of graphite or diamond, the 
relatively few peripheral atoms are connected to other atoms than C, probably H or O; one may 
call graphite an "honorary polycyclic benzenoid aromatic hydrocarbon" and diamond an 
"honorary polycyclic saturated hydrocarbon" or "honorary diamond hydrocarbon", meaning that 
they represent the limiting (asymptotic) ases of hydrocarbons with increasing numbers of C atoms 
and decreasing numbers of H. 
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Fig. 1. The two types of graphite: (a) hexagonal; (b) rhombohedral. 
The "honeycomb lattice" of carbon atoms in graphite isactually ahuge planar molecule, wherein 
all atoms are connected by covalent bonds. The parallel planes are, however, loosely held by 
van-der-Waals-forces which are much weaker than covalent bonds, accounting for the softness of 
graphite, whose molecular planes may glide over one another. The strong anisotropy of graphite 
is also explained by its structure. The linear compressibility of graphite is 104-105 times larger on 
a direction perpendicular to the molecular planes than along directions within the molecular plane. 
The thermal and electrical conductivities in single crystals of graphite are about 200 times higher 
within the molecular planes than in the orthogonal direction. Also, the fact that graphite is black 
is due to light absorption in the huge aromatic hromophore. 
Interatomic distances give evidence for the different kinds of bonding in graphite: its C-C 
covalent bond has a length of 141.5 pm, whereas the distance between the molecular planes is 
335 pm. This fact leads to a low density (2270 kg.m -3 in the ideal case, usually less). 
All C atoms in a planar graphite lattice have sp 2 hybridization, and all interatomic bond angles 
are 120 °. The electronic delocalization within the molecular plane makes graphite the most stable 
allotropic form of C. 
Of particular interest are the so-called intercalation compounds formed by graphite by including 
between the molecular planes various atoms such as alkaline metals, or molecules such as CrO3, 
modifying thereby their reactivity, and extending slightly the inter-layer distance in the graphite 
net [7]. Most such intercalation compounds still conduct electricity. 
The addition of F: to graphite leads to the white non-conducting "perfluorographite" (CF), in 
which the C atoms with sp3-hybridization cause buckling of the "molecular planes" (Fig. 2). 
Since carbon has two stable nuclides, namely J2C (98.9%) and 13C (1.1%), and since the 
absorption cross sections for thermal neutron capture are quite low (0.0034 and 0.0009 barn, 
F F F F 
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Fig. 2. Formation of "perfluorographite". 
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respectively), much lower than for protons (0.332 barn) or ~70 (0.235 barn), the first nuclear 
reactors were moderated with graphite. 
Nowadays only few reactors are moderated with graphite; most of the nuclear power reactors 
use H20 or D20 as moderator and coolant systems. This is because the atomic mass makes C a 
less effective moderator in elastic interactions with neutrons than protium or deuterium, therefore 
the power density of the active zone is appreciably lower: U rods in graphite-moderated r actors 
must be spaced at larger distances than in H20- or D20-moderated reactors. Moreover, graphite 
may ignite at high temperature, and under neutron bombardment the C atoms are displaced 
accumulating strain energy (the Wigner effect responsible for the Windscale accident of the nuclear 
reactor in 1957). The Chernobyl tragedy proves that nuclear reactor accidents may become 
aggravated by the high temperatures caused by graphite combustion. A further drawback of 
graphite reactors is their positive void coefficient which by a feed-back loop may cause a 
catastrophe. In the US, the so-called N-reactor at Handford, Washington (which uses graphite as 
moderator and, like the Chernobyl-type r actors, lacks a large containment building and is used 
also for the manufacture of Pu) is reported to be designed so as to have a negative void 
coefficient [8]. 
A major use of graphite is nowadays for C fibers as reinforcement materials for composites. In 
oriented crystals, graphite can have a high modulus if the force is parallel to the molecular plane. 
The industrial C fibers used in high-technology composites are produced by pyrolysis of polymers 
in controlled conditions. The largest single U.S. producer of carbon fibers had sales of $64 million 
in 1985, despite the pace slackening of this market [9]. Such fibers are manufactured from pitch 
or polyacrylonitrile fibers; they are oxidized at 250 ° to lose much of the H, then carbonized to an 
extent of 98% at 800 ° in the absence of 02, when cyclizations may occur, and finally graphitized 
at 1400-2500°C when loss of H2, N2, HCN, NCCN leaves a graphitic material with few N atoms. 
Composites made from high-tech polymers (e.g. Kevlar, an aramid fiber with high tensile 
strength obtained from p-phenylenediamine and terephthaloyl chloride) and carbon fibers with 
high compressive strength, have many potential applications for replacing metals. 
(b ) Diamond 
In a diamond single crystal (Fig. 3) all C atoms have sp3-hybridization with tetrahedral bond 
angles and interatomic bond lengths 154 pm as in alkanes. The distance between parallel average 
planes is 140 pro, much smaller than in graphite, which is therefore less dense. Therefore the single 
crystal is a huge tridimensional molecule, explaining thus its hardness, transparency, high density 
(ideally 35 l0 kg. m -3) and lack of thermal or electrical conductivity [5, 10]. 
Measurements of heats of combustion indicate that diamond is thermodynamically less stable 
than graphite under normal conditions by 0.2 kcal/mol. However, the diamond-to-graphite 
conversion has a high energy barrier: only on  heating for a long time at 1500 ° under inert 
atmosphere at normal pressure is it possible to perform this conversion. Thus at 25 ° and 1 bar, 
diamond is metastable, i.e. it has a high kinetic barrier. 
The reverse process, namely the production of artificial diamond from graphite, requires high 
pressure (Le Chatelier's principle accounts for the higher stability of the denser diamond at higher 
pressures). In the pressure vs temperature diagram (Fig. 4) the hatched area corresponds to the 
industrially applied process, which includes, in addition to C, a catalyst. Figures 5 and 6 represent 
the pressure/temperature/composition diagrams with Ni catalysts. 
In manufacturing diamond it is essential to remember that at any given high pressure, the 
temperature must be high enough for the conversion to proceed at a convenient rate, but not higher 
Fig. 3. The two types of diamond: (a) cubic (with the sphaleritc lattice, having no eclipsed bonds); 
(b) hexagonal (with the wurtzite lattice). 
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Fig. 4, The pressure-temperature diagram of C. 
than the equilibrium indicates because always diamond is metastable r latively to graphite, and at 
the highest emperatures only graphite is stable. This is clearly seen in Fig. 5. 
The diamond-producing apparatus, catalyst/solvent, and pressure-temperature conditions con- 
stitute a well-guarded industrial secret. From literature data [11-13] one gets general ideas, e.g. with 
two pistons one has the "Bridgman opposed anvils" (tetrahedral ssemblies of four pistons may 
also be imagined or hexahedral ones with six pistons)• Hydraulic rams act the pistons. Figure 7 
illustrates the widely used "belt apparatus". The gasket material is a hydrated Al silicate 
(pyrophyllite). The high temperature (1700-1720 K) is obtained in the cell by passing electric 
current from the top to the bottom piston, after the onset of the required pressure (about 54 kbar, 
i.e. 5.4 GPa). The heat is evolved mainly in the graphite layers which are less conductive than nickel• 
Diamond forms at the interface by dissolution of graphite into the molten nickel and precipitation 
of the less soluble diamond, as crystals. After cooling, the nickel is dissolved in acid leaving the 
diamond crystals• 
A different procedure for obtaining synthetic diamond involves the deposition of C atoms in 
vacuum on small diamond crystals. The C atoms are formed by pyrolysis of methane at 1000°C; 
the resulting larger diamond crystals are freed from graphite impurities by hydrogenation at50 bar. 
An interesting observation concerns tiny diamond crystals (typical diameters are 5 nm) in 
carbonaceous meteorites; the isotopic composition of accompanying Xe indicates that the 
meteorites did not originate in our solar system [14]. It is not certain how the initial diamond crystal 
resulted; further accretion then occurs as indicated above• 
There exist two forms of diamond: the common (cubic) latticee (identical to the ZnS sphalerite 
lattice), where all C- -C bonds are in staggered conformation, and the hexagonal (wurtzite) lattice 
which has Pitzer strain due to eclipsed C--C bonds. One can see adamantane subunits in the former 
lattice and iceane [15] subunits in the latter (Fig. 3). 
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Fig. 7. The belt apparatus for synthetic diamond: at the bottom, an enlargement of he central zone is 
shown. 
4. CARBON MOLECULES 
We shall now discuss two types of relatively small C molecules C,, with n ~< 120, which have 
been predicted to have some chemical stability. 
( a ) Buekminsterfullerene, C 6o 
A polyhedral C60 molecule with hexagonal and pentagonal faces, footballene or buckminster- 
fullerene was discussed [16]; it is still debatable if the experimental evidence is conclusive. In the 
spherical cavity, a metallic atom (e.g. Ln) may be incorporated. Figure 8 presents this molecule 
and a planar projection (Schlegel diagram). 
A larger cluster of C atoms (Ct/0, archimedane) corresponding to a semiregular polyhedron with 
12 decagonal, 20 hexagonal and 30 square faces, was discussed [17]. 
Considering that on replacing some of the six-membered rings in graphite by five-membered rings 
one induces a curvature in the plane of the lattice which converts it into a polyhedral 
quasi-spherical/system, one may speculate in abstract mathematical terms if an analogous 
procedure would be feasible for diamond by replacing some adamantane units in order to arrive 
at four-dimensional polytopes. 
(a) (b) 
Fig. 8. (a) A view of buekminsterfullervne or footballene, C60; (b) the same molecule ina Scldegel diagram 
showing all faces. 
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Fig. 9. A C48 cluster of C atoms. Fig. 10. Angles in a regular n-sided polygon, which is 
drawn with thick lines. 
(b ) A smaller sperhical C~8 molecule 
In a recent paper [18] on a three-connected C net (which will be presented in a subsequent 
paragraph), a C~ molecule was presented. It has six puckered eight-membered rings in a cubical 
arrangement, and eight nine-membered rings (Fig. 9). Its C atoms, unlike those of buck- 
minsterfullerene, have sp- and sp2-hybridization. Similarly to this molecule, it may accommodate 
a metal atom or ion inside the cavity. 
(c) Cyclocarbyne (cyclokarbin) 
The speculation on smaller molecules having a large ring of sp-hybridized C atoms with small 
steric strain was published in 1980 [20]. This molecule with either alternating single and triple 
bonds, cyclo----(~C--),/2, or with cumulenic double bonds, cyclo -~-(~------C~)-~-,/2, might be 
isolable if the angle strain is divided over a larger number of C atoms; e.g. for n = 50 the deviation 
from the bond angle of 180 ° becomes ~ = 7.2 °. In the general case one may easily see from Fig. 10 
which shows the angles in a regular n-sided polygon that this deviation is ~ = 360°/n: the deviation 
equals the angle with which the centre of the polygon "sees" each side of the polygon. The black 
dots in Fig. 10 symbolize the C atoms. 
5. HYPOTHETICAL ALTERNATIVE C ALLOTROPES ( INFINITE NETS) 
The various possible nets will be systematically discussed according to the coordination umber 
of C atoms: two-coordinated atoms will be denominated assp-hybridized, three-coordinated ones 
as sp:-hybridized, and four-coordinated ones as spLhybridized (even when, owing to steric factors, 
the hybridization may no longer correspond to these pure states). 
.4. Systems Having sp-Hybridized C ,4toms (Two-connected Nets) 
(a) Polyyne C 
The literature data on a linear macromolecular polyacetylenic (or poly-cumulenic) form of C 
(also called carbyne, Karbin or chaoite [21]) is still contradictory. It is obtained by oxidative 
polymerization of acetylene and appears to be different from diamond or graphite. It contains, 
probably, in addition to the linear chains, portionwise structures which link together several such 
chains such as those presented in Fig. 11 (of course in these portions the C atoms have sp L or 
sp 3-hybridizations). 
(b) Other systems containing sp-hybridized C together with other types of C 
In principle it is possible to introduce, into any two- or three-dimensional network, layers of 
sp-hybridized C atoms. This will cause rings in graphite to become elongated in one direction 
[Fig. 12(a)] or in several directions [Fig. 12(b)]. 
Similarly, a row of C- -C  bonds in diamond may be replaced by C- -C~-C- -C  bonds as 
hypothesized by Melnichenko et al., affording the so-called polyyne-diamond [22] (Fig. 13). 
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Fig. 11. Carbyne (a) and possible bridged structures (b-e). 
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B. Systems Having spLHybridized C Atoms (Three-connected Nets) 
(a) Semiregular nets 
Plannar lattices containing two or more types of regular polygons are called semiregular nets. 
The presence of angles far larger or smaller than 120 ° increases the energy of the lattice, causing 
it to be unstable. According to the generalized Hiickel's rules in polycyelic systems, the presence 
of rings containing 4k atoms/electrons al o causes destabilization (k = 1, 2, 3 . . . .  ) [23, 24]. 
The semiregular lattice {3, 122 } formed from triangles and dodecagons (bond angles 60 °, 150 °, 
150 °) and the lattice {4, 82 } formed from squares and octogons (bond angles 90 °, 135 °, 135 °) are 
unfavourable on both above counts. The latter types of polygons may appear at fracture zones of 
graphite (Fig. 14). Such defects are annealed on heating [25]. Other possible defects with ring sizes 
ranging from 3 to 9 were enumerated byDias [26]. The first systematic enumeration fsemiregular 
C nets was published in 1968 [27]. 
One may estimate relative stabilities of three-connected nets (wherein each C atom is connected 
to three other C atoms) by a calculation [27] taking into account the atoms in the elementary cell. 
In graphite (Fig. 8) there are two C atoms in the elementary cell. In lattice {4, 82 } there are four 
C atoms in the elementary cell (Fig. 15). Following the procedure of Barriol and Metzger [28] the 
resonance energy of lattice {4, 82 } was calculated [27] to be 0.281# = -4.5 kcal/mole. The strain 
energy was estimated to be 10 kcal/mole, leading to a total energy of + 5.5 kcal/mole. In the same 
scale, graphite has a calculated resonance energy equal to the total energy (because of zero strain) 
of -6.1 kcal/mole. Thus, according to this approximate calculation, relatively to graphite, the net 
{4, 82 } is thermodynamically less stable by about 5.5 + 6.1 = l l.6kcal/mole. We recall that 
diamond is thermodynamically less stable than graphite under normal conditions by 0.2 kcal/mole. 
It is conceivable that the high C--C bond energy may lead to appreciable kinetic stability of less 
stable allotropic forms of C, making such forms able of existence. 
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Fig. 12. Hypothetical p anar sheets of sp and sp 2-hybridized C atoms derived theoretically from graphite. 
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Fig. 14. Fracture zone in graphite leading, after gliding, to 
the formation of four- and eight-membered ings along the 
shear zone. 
Newer calculations have been reported by Burdett and Lee [29] using the moments method for 
the same net {4, 82 } which is known to exist in the anionic part of Ca[B2C2]. 
(b ) Networks with pentagons and heptagons 
Bathroom floor tilings corresponding to the previously described networks are fairly 
common. No tilings with pentagons and heptagons are known to the author, however. 
One may imagine two such lattices [27]; the first called {52,72) has eight C atoms in the 
elementary cell (Fig. 16); the second, called {53, 73} has 12C atoms in the elementary cell 
(Fig. 17). 
A calculation similar to the preceding one [28] on the lattice {52, 7 5 } affords a resonance nergy 
of -4.9kcal/mole. Assuming the least strained geometry (angles in the regular pentagon are 
fl = 108°;other angles are ~ = 116°,~ = 144°,E = 136.5 °) one calculates a strain energy of 
+ 3.8 kcal/mole resulting in a total energy of - 1.1 kcal/mole, i.e. conjugation energy prevails over 
strain energy; however, the total energy is higher than for graphite (namely by 5 kcal/mole), but 
less so than for lattice {4, 82}. 
Burdett and Lee [29] also reported acalculation for the net represented in Fig. 16, which is known 
to exist in the anionic part of Sc[B2C2]. They also calculated energies for the least stable planar 
C net (3, 95 } having equilateral triangles and 9-gons (at each sp2-hybridized carbon atom, one 
triangle and two eneagons meet). 
(c) Other planar nets 
The three-connected net presented in Fig. 18 contains decagons and hexagons (Hiickel-type 
systems, hatched in the figure) and pentagons. The unit cell contains 12 atoms. The steric strain 
is small, so that this net is likely to present a favourable calculated total energy, similar to that 
of the net {52, 72}. Calculations are in progress. 
(d) Tridimensional nets: a polyphenylene t reminiscent of zeolites 
The first attempt o discuss a three-dimensional C net formed from spE-hybridized atoms 
was published in 1946 and 1950 by Riley and coworkers [30]. The net is formed by infinite 
chains of non-coplanar benzenoid rings linked as in ortho-tetraphenylene. The result is a three- 
dimensional net reminiscent of zeolites, including large holes and long channels. 
Lattice .[/,, 82~ .
Fig. 15. The planar lattice {4, 82 } with a unit cell ( - - - ) .  Fig. 16. The planar lattice {5 2, 7 2 } with a unit cell ( - - - ) .  
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Fig. 17. The unit cell of the planar lattice {53 , 73}. Fig. 18. A planar net with pentagons, hexagons and 
decagons; the unit cell, containing 12 C atoms (.), is marked 
with dashed lines. 
(e) A hypothetical C aliotrope with possible metallic character 
Interesting three-dimensional etworks formed from trigonal sp 2 C atoms were analyzed by 
Roald Hoffmann et al. [31]: the structure of ThSi2, with C atoms instead of Th and Si. There are 
infinite polyene chains running along two dimensions with no conjugation along the third 
dimension. The density is calculated to be 2970 kg. m-3, intermediate b tween that of diamond and 
graphite. The smallest rings are 10- and 12-membered. It was calculated that this form should have 
metallic conductivity, and that the C--C distances hould be intermediate between those in 
graphite and diamond (the non-conjugated bonds should be longer than the polyenic ones). The 
calculated energy is higher than that of graphite by 0.74 eV/C atom. In order to make comparisons 
possible, one should keep in mind that 1 eV/atom corresponds to 23 kcal/mole, therefore the net 
of Fig. 19 is less stable than graphite by about 17 kcal/mole. The authors argue [32, 33] that this 
net may be able of existence owing to high kinetic barriers characteristic of C--C bonds. 
Fig. 19. A tridimensional net from sp2-hybridized C atoms 
with possible metallic haracter. 
(b] 
Fig. 20. A tridimensional net from sp2-hybridizcd C atoms 
with large cavities: (a) the larger cavity; (b) the smaller 
cavity. 
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( f  ) A tridimensional net with large cavities 
An interesting tridimensional C net formed from sp2-hybridized atoms with large quasi-spherical 
cavities and smaller quasi-cylindrical ones was discussed [18]. Its large cavities can be visualized 
by considering the semiregular polyhedron called truncated octahedron; in each of its 24 vertices 
three edges meet, belonging to two hexagons and a square. On replacing all edges that are common 
to a square and a hexagon by a sequence of two C--C bonds, i.e. by a C- -C- -C  chain, one obtains 
the large cavity. It has six puckered (crown) octogons whose average planes are parallel to the faces 
of a cube, and eight puckered 9-gons (eneagons) whose average planes are parallel to the faces of 
an octahedron. Each octogonal face is surrounded by four 9-gons, and each 9-gon is surrounded 
by three 8-gons and three 9-gons. 
In the net, adjacent large cavities share their 8-gonal faces. The "free spaces" between these 
cubically-packed quasi-spherical large cavities form the smaller cavities; these consist of two 
parallel puckered 9-gons (which are the bases of the quasi-cylinders) connected by three parallel 
C- -C bonds. 
The large and smaller cavities are shown in Fig. 20(a) and (b). The net is zeolite-like. The large 
cavities are isomorphic to the C4s cage molecules discussed above under Section 4. 
The net has 8-gons as the smallest circuits; some of them are boat-shaped (three such 8-gons 
form a small cavity), other ones are crown-shaped (the faces common to two adjacent large 
cavities). Next, there are 9-gons, all of which have the same conformation, most easily seen in the 
representation f the smaller cavity [Fig. 20(b)]. 
C. Systems Having Only sp~-Hybridized C Atoms (Four-connected Nets) 
(i) A planar (square) lattice of C atoms with four-fold symmetry would have a high strain 
energy: all C atoms would be as strained as the central C in fenestrane ("planar C"). 
(ii) The tridimensional truncated octahedral lattice contains 12C atoms in the unit cell 
(Fig. 21). The angle strain in the four-membered rings and the planar six-membered rings amounts 
to at least 12 kcal/mole of C atoms [27]. 
D. Systems with sp 2- and sp3-Hybridized C (Three- and Four-connected Nets) 
The paper published by the present author in 1968 [27] contained only a brief statement on the 
two lattices hown in Fig. 22 to the effect hat the four-connected "planar" C atoms will lead to 
high strain. Other authors [33] discussed related topics. 
A different approach was recently initiated, by imagining and calculating the energies of three- 
and four-connected nets possessing little strain; some of the nets may present metallic properties 
[34]. The densities of such systems (about 3000 kg/m 3) are intermediate between those of graphite 
and diamond. 
Some of the atoms of Fig. 23(a), namely those which are shown without any double bonds, are 
forced to become tetracoordinated by forming an extra bond to a similar atom from a string of 
pentalene units in a parallel plane. For viewing this process, imagine that in a graphite-type stacking 
of molecular planes as in Fig. 23(a), half of the strings of pentalene units (black points) are 
translated midway between the molecular planes. Then the new bonds are formed, and the three- 
and four-connected lattice [Fig. 23(b)] results. 
Fig. 21. The truncated octahedron. Fig. 22. C Nets with tetra- and tricoordinated C atoms; the 
former atoms are represented by black dots. 
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(b) 
Fig. 23, (a) The starting planar arrangement of strings of pentalene units; (b) the 3,4-connected net. 
The energy of this net may be calculated by means of the extended Hiickel method in the tight 
binding approximation. The parameters used for C and the geometries are specified in Ref. [34]. 
The result is 1.19 eV C atom (27 kcal/mole) above the energy of graphite. 
An energetically more favourable three- and four-connected net results by a similar procedure 
starting from the planar net containing five- and eight-membered rings [34] as seen in Figs 24 and 
25. Again, the black atoms are translated with half the spacing between the molecular planes, and 
the atoms (black and white) which are shown without double bonds become tetracoordinated. 
( 
( 
( 
Fig. 24. The starting arrangement for another 3,4-connected net, similar to that of Fig. 23(a). 
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Fig. 25. Two types of delocalization in the strings of condensed five-membered ings in Fig. 24. 
The energy of this net is calculated by the extended H/ickel method to lie at 0.86-0.97 eV/C atom 
(20-22 kcal/mole) above the energy of graphite. The range of values is due to the fact that one may 
conceive a delocalized polyenic system, or two different ypes of localization (Fig. 25). 
Finally, among the many imaginable nets of such type (discussed by Wells in a geometrical 
context) a higher-energy s stem depicted in analogous fashion contains eight- and four-membered 
rings [34], cf. Fig. 26. 
The energy of this system is calculated to lie 1.27 eV/atom (29 kcal/mole) above the energy of 
graphite. 
In concluding this chapter, mention should be made of strain-free oligoradicals [35] which 
contain eight-membered rings. 
6. RELATED NETS WITH OTHER ATOMS INSTEAD OF C 
Both the diamond and the graphite lattice may be encountered in compounds with other elements 
than C. Thus the diamond lattice (with lower cohesion because of the longer interatomic distances 
and smaller bond energies) occurs also in elemental Si (bond length 234 pm), Ge (bond distance 
240 pro), and in gray tin (bond length 280 pm). On reaction with concentrated hydrochloric acid, 
this crystalline form of tin affords SnCI4" 5H20, whereas the white polymorphic tin yields 
(b) 
(a) 
< 
Fig. 26. The starting arrangement for a third 3,4-connected net (a); (b) the resulting net. 
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SnCI2.2H20 indicating that in the latter form with longer interatomic distances only two electrons 
in the valence shell are involved. In addition to these elemental lattices, the diamond structure is 
encountered also in cubic boron nitride, a compound whose hardness is second only to diamond. 
Since each pair of BN atoms has eight valence lectrons exactly like a pair of C atoms, one might 
expect hat under high temperatures and pressures the diamond-type lattice would result for (BN)x; 
indeed, about a year after the successful diamond synthesis, Wentorf Jr performed this conversion 
[36] under conditions imilar to those used for synthetic diamond, but using as catalysts/solvents 
alkali metal nitrides. The Knoop hardness of (BN)~ is 4500 kg/mm 2(compared to 9000 kg/mm 2for 
diamond and 2100 kg/mm 2for sapphire), therefore cubic (BN)x is used as an abrasive which, unlike 
diamond, may be heated in 02 and does not react with Fe at high temperatures. This quality is 
useful in sharpening and shaping hard tool-steels and high-strength alloys. 
On the other hand, hexagonal B nitride has a lattice which is similar to that of graphite, is 
thermally almost as stable and cleaves imilarly to graphite; however, it is white, non-conducting, 
and does not afford intercalation compounds. It is used for high-temperature c ucibles. Apparently, 
the n-electron delocalization is much smaller than in graphite, owing to the formal charges on 
quadrivalent B- and N ÷ atoms. 
Passing now to the hypothetical nets discussed above, the trivalency of B and N would convert 
some infinite lattices into finite molecules. Alternatively, one may imagine new oxides of C; thus 
the large cavity of Fig. 9 or Fig. 20(a) would become (CO)24 on replacing the vertices of degree 
two by O atoms, and the pairs of vertices of degree three by C------C double bonds. 
7. SYMMETRY OF FRAGMENTS FROM THE GRAPHITE LATTICE 
All benzenoid polycyclic aromatic hydrocarbons (PAH'S or benzenoids, for brevity) may be 
considered to represent fragments from the graphite lattice, whose peripheral C atoms are linked 
to H atoms. 
Considerable interest is associated with these systems because of the proven carcinogenic activity 
of many compounds from this class possessing "bay-regions". Such a compound isbenzo[a]pyrene, 
which results in many combustion processes and is present in cigarette smoke and in engine exhaust 
gases, cf. Fig. 27. 
Benzenoids were classified into cata-condensed (catafusenes) and peri-condensed (perifusenes) 
depending on whether they do not contain or do contain, C atoms belonging to three adjacent 
six-membered rings (so-called internal C atoms). A newer definition is based upon the notion of 
dualist graphs [37], whose vertices are centres of hexagons and whose edges connect vertices 
corresponding to "condensed hexagons", sharing an edge and two C atoms as in naphthalene 
whose dualist graph has just one edge. One should note that unlike normal graphs where angles 
between edges are arbitrary, in dualist graphs the geometry is essential; for instance, the dualist 
graph of anthracene has two collinear edges (with angle 180°), whereas that of the isomeric 
phenanthrene has two kinked edges with an angle of 120 °. Catafusenes have acyclic dualist graphs 
(trees), while perifusenes have three-membered rings in their dualist graphs. All catafusenes with 
the same number of vertices in their dualist graphs are isomeric. By this definition, a third category 
of benzenoids exists, namely corona-fused system (coronoids) whose dualist graphs possess larger 
rings than three-membered, which are not contours of aggregates of three-membered rings. 
A "periodic system" of molecular formulas was proposed by Dias [38] for benzenoids CxHy on 
the basis of two parameters, N (the number of internal C atoms, i.e. zero in catafusenes, two in 
pyrene etc.) and d (the net disconnection, equal to one plus the number of tertiary C atoms minus 
the number of internal graph edges): x - y = 2(N + d + 1). The number of tertiary C atoms is twice 
the number of hexagons minus two. 
~regions/~~ 
Fig. 27. Two carcinogenic hydrocarbons with their bay regions: benzo[a]pyrene a d benzanthraeene. 
Neither has any symmetry. 
(o) 
(d) 
tg) 
9 
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Fig. 28. The carbon skeletons ofpolycyclic benzenoid hydrocarbons: (a) anthracene and (b) phenanthrene 
are two isomeric (Ci4Hi0) non-branched catafusenes; (e)triphenylene (CtsH~2) isa branched catafusene; 
(d) perylene and (e) pyrene are perifusenes. In all cases asingle Kekul6 structure is shown; (f) kekulene, 
is a coronaphene; (g) is [7] helicene. In the last wo cases double bonds are no longer included. The dualist 
graphs are indicated with broken lines. 
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Since annelation of catafusenes may be performed in three directions at a marginal benzenoid 
ring, the numbers Ch of non-branched catafusenes with h six-membered rings are easily calculated 
[36, 38]: 
4Ch=3h-2+4.3~h-3)/2+ 1, for odd h; 
4Ch = 3 h-2 + 2.3 th-2~/2 + 1, for even h. 
Branched catafusenes can also be counted but complicated formulas result. In these formulas 
benzenoids include also helicenes, i.e. systems with superposed C atoms whose molecules cannot 
have a planar structure; helicenes cannot be considered as portions of the graphite lattice. If 
helicenes are left out from the benzenoid count (as we shall do henceforth), the enumeration 
becomes difficult even for non-branched catafusenes and only recursive computer algorithms can 
be employed for this purpose, up to given h values. So far, perifusenes have been counted only 
by computer algorithms for h ~< 11 [40, 41]. The enumeration of benzenoids i  part of a larger 
unsolved problem in graph theory, namely the "cell growth problem" wherein a cell is a triangle, 
square or hexagon, and the "animal" consists of condensed cells, sharing an edge. 
A coding system was devised for dualist graphs of catafusenes [37, 39] based upon the three 
orientations of edges in the graphite lattice, coded by digits 0, 1 and 2 for annelating a terminal 
benzenoid ring with angles 180 °, 120 ° and 240 °, respectively. The code rules state that coding starts 
from an endpoint of the dualist graph, that among all possible codes the minimal number is 
adopted on reading sequentially the digits, and that for branching one uses brackets. 
Figure 28 illustrates catafusenes, perifusenes, coronoids and helicenes. 
In turn, the symmetry of non-branched catafusenes can be used [37, 40] for systematic generation 
and enumeration. Table 1 presents the numbers of non-branched catafusenes with following 
symmetries: a =acenes (linear condensation); m =mirror  symmetry; c =inversion centre; 
u = unsymmetrical, cf. Fig. 29. 
Gordon, Cyvin, Gutman, Trinajstir, Knop and other authors [40-42] investigated in detail the 
numbers of Kekul6 structures for benzenoids using various techniques. Perifusenes have been 
further classified on the basis of their Kekul6 structures into normal ones (with at least one Kekul6 
structure), essentially disconnected ones having some single bonds in all Kekul6 structures, and 
non-Kekulran systems (radicals or polyradicals), i.e. systems without any Kekul6 structure; in 
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Table 1. Numbers of benzenoids according to the type of condensation (cata, peri, corona), branching, symmetry and Kekul6an 
character 
Catafusenes Perifusenes Coronoids 
Non-branchedt Kekul6an Kekul6an 
Total 
h a m c u Total Branched Total Yes No Yes No benzenoids 
1 1 0 0 0 1 0 1 . . . .  1 
2 1 0 0 0 1 0 1 . . . .  1 
3 I I 0 0 2 0 2 0 1 - -  - -  3 
4 1 1 1 1 4 1 5 1 1 - -  - -  7 
5 1 4 1 4 10 2 12 3 7 - -  - -  22 
6 1 3 4 16 24 12 36 15 30 - -  - -  81 
7 1 12 44 50 67 51 118 72 141 - -  - -  331 
8 1 10 13 158 182 229 411 353 671 1 0 1436 
9 1 34 13 472 520 969 1489 1734 3282 3 2 6510 
10 1 28 39 1406 1474 4098 5572 8535 15979 24 19 30129 
I I  1 97 39 4111 4248 16867 21115 41764 78350 128 155 141512 
12 1 81 116 11998 12196 68925 81121 ? ? 854 1100 ? 
?a = acenes (linearly condensed); m = mirror plane perpendicular to the molecular plane; c = centrosymmetric; u = unsymmetric. 
graph-theoretical language, such systems are said to be non-decomposable into 1-factors, or to be 
devoid of perfect matchings. All systems with odd numbers of C atoms are non-Kekul6an; some 
peri-condensed systems with even numbers of C atoms are also non-Kekul6an, e.g. diradicals. All 
catafusenes are Kekul6an. 
Calculations of re-electron energies in large peri-condensed benzenoid systems show [43] that such 
systems tend gradually towards graphite; these calculations allow to evidence how the topology 
of peripheral C atoms influences their properties. 
Table 1 presents the numbers of benzenoids, excluding helicenes, according to [42]. 
8. SYMMETRY OF FRAGMENTS FROM THE DIAMOND LATTICE 
Cyclic molecules trive to adopt low-energy strain-free conformations. For many molecules 
possessing saturated six-membered rings, such conformations are portions of the diamond 
lattice. Thus the chair form of cyclohexane, the two (cis and trans) isomers of decalin, and all the 
diamond hydrocarbons (adamantane, diamantane, and polymantanes) have carbon skeletons 
which are fragments of the diamond lattice. This was observed long ago by Wittig [44], Lukes [45] 
and others. 
We shall pay special attention to the so-called "diamond hydrocarbons" or "polymantanes", 
consisting of adamantane units fused along a "face" (Fig. 30). Actually, adamantane is a 
tetrahedrane whose C--C bonds have been replaced by a 3C chain C--CH2--C. The fusion 
involves joining two such tetrahedra along a face to yield a trigonal bipyramid. 
In collaboration with von R. Schleyer [46], these diamond hydrocarbons have been enumerated 
and classified according to their symmetry, on the basis of their "tridimensional dualist graph". 
A coding system was devised based upon the four tetrahedral directions of the dualist graph, 
each denoted by one of the digits 1, 2, 3 or 4. This coding system was employed also for 
staggered rotamers of alkanes [39, 47] and was shown to possess a relationship with the three- 
digit coding of benzenoids [37]. As in the case of benzenoids, catamantanes and perimantanes 
have been defined according to whether the dualist graph is acyclic or cyclic, respectively. 
Catamantanes may be linear or branched, according to their dualist graphs. Whereas all 
catafusenes with the same number hof benzenoid rings are isomeric and have formula C2 ÷,h H4 ÷ 2h, 
only "regular catamantanes" are isomeric among themselves and have formula C4n+6H4n+~2,  
(a) (b) (c} 
Fig. 29. Var ious  symmetr ies  o f  non-branched cata fusenes  for three i somer ic  CtsHt :  hydrocarbons :  
(a) acene;  (b) mi r ro r  symmetry ;  (c) centr ic  symmetry .  
(a) 
Carbon and its nets 
(b) (c) 
Fig. 30. D iamond hydrocarbons: (a) adamantane; (b) diamantane (earlier name-- the mblem of the 19th 
IUPAC Congress held in 1963 in London- -was  congressane); (c) triamantane. 
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where h, n > 1 are integers; they result on annulating a face of a polymantane on replacing 
three axial hydrogens by a trimethylenemethane group, resulting in a net addition of C4H4. 
The second kind of catamantanes called "irregular", are obtained by annulation at a face having 
less than three axial hydrogens, involving the net addition of CxHy, where x, y < 4. The smallest 
irregular catamantane is [1231]pentamantane, C2sH30. A necessary and sufficient condition for a 
catamantane to be irregular is to have a code with the same digit separated by two other digits 
(e.g. the digit 1 in the above code). Table 2 presents all possible catamantanes with n = I-6 
adamantane units. 
The coding starts from one end of the dualist graph and goes on registering the orientation of 
each bond; the orientations of the first two bonds are always l then 2. We adopt the convention 
of obtaining the minimal number when reading sequentially all digits, among all possible 
orientations of the dualist graph with respect to the tetrahedral coordinates; therefore the first two 
digits of the code will always be 12. When branching occurs, the branch is included in brackets; 
for geminal branching, the two branches are separated by a comma within the bracket. Thus code 
121 designates the dualist graph shaped like the C-skeleton of anti-n-butane, code 123 designates 
its syn-rotamer, code 1(2)3 the C-skeleton of isobutane, and code 1(2, 3)4 the C-skeleton of 
neopentane. 
In the tridimensional Euclidean space E3, slight deviation from normal bond angles can 
accomodate such molecules as helicenes or helicene-like staggered C-rotamers of alkanes; however 
this is no longer possible for diamond hydrocarbons: when two vertices in the dualist graph of a 
polymantane are at the distance of one edge, these two vertices must be linked in the E3 space, 
and the dualist graph must be cyclic. It is interesting to speculate about helicene-lik¢ polymantanes 
in a tetradimensional space E4, where such ring-closure conditions for the dualist graph are not 
mandatory. 
Table 2. All possible catamantanes with n = 1-6"['~: 
Regular Irregular 
Linear Branched Linear Branched Total 
n Code Sym. Formula Code Sym. Code Sym. Formula Code Sym. No. 
1 - -  T d CioHt6 . . . . . . .  I 
2 1 D3d Ct4H20 . . . . . . .  1 
3 12 C~ C,sHu . . . . . . .  1 
4 121 C~ C22H2~ 1(2)3 C~ . . . . .  3 
123 C 2 
1212 C2~ 12(1)3 C~ 
5 1213 C l C2~ H32 12(3)4 C s 1231 Cs C25 H30 - -  - -  7 
1234 C 2 1(2, 3)4 T d 
12121 C~ 121(2)3 C, 
12123 Cj 12(1)32 C I 
12131 C~ 121(3)4 C, 12(1)31 Cj 
6 12134 Ci 12( 1)34 C, 12132 C I 123( 1)2 C I 
12321 Ci C30H3~ 12(1, 3)4 Cj 12314 C 1 C~H~ 123(I)4 C I 23 
12324 C2 12(3(12 C~ 12(3)41 C, 
12341 C 2 1(2)3(I)2 C~ 
1(2)314 C~ 
12(3) 14 Ci 
1(2)3(I)4 C~ 
tln addition, one perimantane is possible for n = 6; it has code 12312, formula C26Hs0, and symmetry D~ 
~AII systems with point groups C~ or C2 are chiral and give rise to two enantiomers. 
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H H 
B A C 
Fig. 31. Imidazole (A) has an unusually high basicity and 
high acidity because its anion (B) and cation (C) have 
higher symmetries than (,4). 
A. T. BALABAN 
.CH 3 O=C-Ct 
1CH313C C (CH3) 3 
-H20 -He/-H " 
I i -  
Fig. 32. Formation of a pyrylotrimethinecyanine in its 
two resonance forms; crosses indicate ten-butyl groups, 
C(CH3)3, and Ph phanyl groups. 
Symmetry considerations have been helpful also in the enumeration f staggered conformers of 
alkanes [47]; with some restrictions and pruning, these staggered conformations are the dualist 
graphs of diamond hydrocarbons (polymantanes). 
9. SYMMETRY AND STABIL ITY  OF  MOLECULES 
In many cases, high molecular symmetry leads to enhanced stability. This is illustrated by many 
examples. Thus, isovalent conjugation always corresponds to higher stability than sacrificial 
conjugation, as illustrated by the high stability of cations and anions derived from azoles (pyrazole, 
imidazole), cf. Fig. 31. The acidity of the carboxyl group and the basicity of guanidine are due to 
the symmetry of the corresponding anion and cation, respectively. The spectacular bathoehromic 
effects associated with the acid-base quilibria of polyarylmethane dyes such as phenolphthalein 
are also due to the formation of symmetrical ions whose delocalization becomes extended over a 
large array of atoms. The largest bathochromic shifts in dyestuffs (linearly depending on the 
number of ~-------CH-- groups) are present in symmetrical polymethine-cyanines with the general 
formula Ht--,-~CH)~-----Ht +, where Ht is a heterocyclic system: pyridinium, (iso)quinolinium, 
pyrylium, cf. Fig. 32 [48]. With such cyanines (heptamethine-cyanines or longer cyanines) one 
may obtain electronic absorption in the infra-red, with obvious applications for photographic 
sensitization, etc. 
It is interesting to observe that also in neutral molecules high molecular symmetry leads to 
enhanced stability. Schleyer demonstrated xperimentally [49] that adamantane and diamantane, 
which are highly symmetrical molecules with the lowest energies among their valence isomers due 
to the lack of steric strain and of eclipsed interactions (Pitzer strain), are the final products in the 
AICl3-catalysed isomerizations of such valence isomers. Also triamantane and one tetramantane 
were obtained by such isomerizations [50]. Similarly, dodecahedrane with its very high symmetry, 
is formed by Rh-catalysed isomerization from an isomeric product named pagodane [51], as seen 
in Fig. 33. Symmetry, lack of strain and hence higher stability, are the reasons for the presence 
of adamantane and diamantane in crude oil [52]. 
(ALCL3 ~ 
(A|Br3)  
Fig. 33. Formation of highly symmetrical, less strained molecules, by isomerization: from top to bottom, 
adamantane, diamantane, dodecahedrane. 
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10. CONCLUSION 
We have discussed the two known allotropes of elemental carbon (graphite and diamond), the 
presumed linear carbyne, and other hypothetical finite (molecules) and infinite C forms (allotropes). 
Despite the higher energy of all these forms than the energy of graphite, some of these nets may 
have high kinetic barriers for isomerization to graphite, so that they may be able of existence. 
We have also examined related nets with other atoms instead of C. 
Portions of graphite and diamond lattice, where the marginal C atoms are bonded to H, 
constitute the benzenoid and diamond hydrocarbons, respectively; these were discussed according 
to their symmetry. Of course, one could also discuss the hydrocarbons which result by considering 
portions of the other, hypothetical, nets. This has not been done because of space limitations. 
It was pointed our briefly in the preceding section how important for the stability of molecules 
is their symmetry. 
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